Analytical study of catalytic reactors for hydrazine decomposition  Quarterly progress report, 15 Oct. 1967 - 14 Jan. 1968 by Kesten, A. S.
United Qircraft Res rch Laboratories 
* 
p( 
(THRU) N 0 .a (ACCESSION NUMBER) 
>; 
’ c  !’,’ 
-~ , /  -{ >’\ t d - 2 (NASA CR OR TMX OR AD NUMBER) ~ (CATEGORY) 
https://ntrs.nasa.gov/search.jsp?R=19680007194 2020-03-23T23:40:31+00:00Z
I 
I 
I 
I 
f 
I 
'I 
I 
I 
I 
1 
6 
I 
I 
,I 
' I  
I 
'I 
United Qircraft Research Laboratories 
EAST HARTFORD, CONNECTICUT 
Report G910461-21 
Analytical  Study of Ca ta ly t i c  Reactors 
for Hydrazine Decomposition 
Quarter ly  Progress Report No.  6 
Contract NAS 7-458 
A. S. Kesten 
Wayne G. Burwell, Chief 
Kinetics & Thermal Sciences 
DATE January, 1968 
NO. OF PAGES 23 COPY NO. 17 
Analyt ical  Study of Cata ly t ic  Reactors 
f o r  Hydrazine DecomDosition 
~ ~~~ 
Quar te r ly  Progress Eeport No. 6 
October 15 ,  1967 - January 14, 1968 
Contract NAS 7-458 
TABLE OF CONTENTS 
Page -
SUMMARY... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 
DISCUSSION 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
REFEFETJCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
LISTOFSYMBOLS.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
FIGURES 1 through 14 . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
Report ~910461-21 
Date: January 29, 1968 
Prepared by: A. S. Kesten 
National Aeronautic6 and Space Administration 
KASA Res ident  O f f  i c e  
Jet  Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, Cal i fornia  9 l l O y l  
At tent ion:  M r .  James S. Evans 
Contracting Off icer ,  T-93 
SubJect : Analyt ical  Study of Catalyt ic  Reactors f o r  Hydrazine Decomposition. 
Contract NAS 7-458. T r a n s m i t t a l  of Sixth Quar te r ly  Progress Report 
f o r  the Period October 15,  1967 - January 14, 1968. 
Enclosures : (A)  Cumulative Total  Expenditures 
(B) Cumulative Direct Labor 
(C) Revised Pro jec t  Work Plan 
( D )  One (1) copy of the  subjec t  quar te r ly  repor t  
Gentlemen : 
1. 
repor t  on the  work spec i f ied  i n  Art ic le  I of the Contract Schedule. This repor t  
is being t ransmit ted i n  accordance w i t h  t he  report ing requirements set  f o r t h  i n  
A r t i c l e  11. 
Enclosed herewith is  one (1) copy of t he  s i x t h  quar te r ly  progress 
2. 
t h i s  repor t  period. 
respec t ive ly .  
por t ion  of t he  b a r  char t  representing completed work. 
Approximately 1200 manhours and $16,800 have been expended during 
Frnclosures A and B ind ica te  the  cumulative cos t  and e f f o r t ,  
Enclosure ( C )  i s  the  Revised Pro jec t  Work Plan w i t h  the darkened 
Very t r u l y  yours, 
WGB/f ap 
Dis t r ibu ted  i n  accordance 
w i t h  a t tached l i s t .  
UNITED AIRCRAFT CORPOMTION 
Research Laboratories 
Wayne G. Burwell 
Chief, Kinetics & Thermal Sciences 
EAST HARTFORD, CONNECTICUT 0 6 1  08 
G910461- 21 ENCLOSURE A 
REVISED ESTIMATED PROGRESS SCHEDULE 
CUMULATIVE TOTAL EXPENDITURES* 
NAS 7 -450  
* EXCLUSIVE OF FEE 
TOTAL EXPENDITURES (DOLLARS 1 : 117,397 
I20 
I io 
IO0 
90 
80 
a 
8 70 
J 
J 
0 z 4 60 
0 
I 
t- 
z 
k 40 
50 
- 
8 
30 
20 
IO 
0 
G910461 - 21 ENCLOSURE B *~ 
REVISED ESTIMATED PROGRESS SCHEDULE 
CUMULATIVE DIRECT LABOR 
NAS 7 - 458 
TOTAL MAN - HOURS : 8260 
9 
8 
7 
v) 
0 
a z 6  
v) 
3 
0 
I 
I - 5  
Z - 
4 
v) 
[L 
3 
0 
I 3  
2 a 
= 2  
I 
0 
\ 
G910461 - 21 ENCLOSURE C 
z 
-I a- 
a 
xao ga 
3; 
4 
0 2  
W 
-I- 
00 
E a  
a-E 
> 
W 
E 
U 
z 
0 
I- 
u 
W 
7 z 
J 
- 
- 
a 
n a a 
- 
I a 
0 
LL 
z 
3 
- 
z 
t 
3 
J 
2 
J 
a 
0 
a 
W 
I 
5) z 
a 
? 
In z 
I- 
5) 
0 
W 
0 
a 
H w  
w a  mi? 
a w  I E  P 
I a 
a 
c) 
0 a a 
I- 
t 
m 
I 
> 
a 
n 
a 
W 
I- 
In 
W 
3 
W 
m 
n 
-1 
W 
n 
n z 
t z 
In z 
K 
l- 
w 
a 
a 
2 
z 
(3 
0 
a 
a 
a a 
a 
n 
W 
I- 
1 
8 
n s 
W > 
W 
0 
0 
K 
W 
0 
a 
a a 
w 
a a 
I- 
2 
In z 
I- 
W 
3 
W 
0 
rn 
v) 
I- z 
w 
2 
LL 
U 
W 
0 
V 
l- 
0 
v) z 
K 
I- 
J 
J 
K 
W 
> 
0 
W 
I- 
5) J
> 
W 
a 
a 
a 
a 
a 
a 
W 
V z 
a 
a 
a 
n 
a 
0 
t 
V 
a 
W 
a 
a 
I 
2 
W 
W 
I- 
t 
In 
> 
W 
I- 
v) 
W 
l- 
5) 
-I 
> 
W 
n 
a 
a 
a 
W 
V z 
a 
I 
a 
0 U
a 
W a 
a 
a 
a 
0 
I- 
V 
W 
I- z 
v) 
z 
Q 
l- 
W 
t 
5) 
-I 
> 
W 
w 
a 
a 
a 
I- a 
a 
a 
a 
E 
a 
2 
W 
-I 
5) 
2 
2 
I- 
v) 
u. 
2 
3 
a 
a 
a 
f 
0 
a 
a 
a 
v) 
W 
v) 
z 
J 
U 
B 
W 
In z 
0 
5 
e 
2 
5) 
W 
I- 
In 
> 
Q 
W 
I- n 
-I 
z 
v) z 
W 
n 
a 
0 
r_ 
? 
0 
3 
I- 
H O  
0 
W J  
$ 9  
r X  a 
I 
a 
a 
W 
0 a 
n 
W 
I- 
I- 
v) 
I 
> 
4 
W 
I- 
v) 
(3 
5) 
W 
a 
n 
m 
n 
W 
V z 
a 
I 
a 
0 LL
a 
W a 
K 
0 
l- 
V 
Q 
W 
a 
W 
t 
I- v) 
I 
2. 
W 
I- 
v) 
a 
n 
a 
# E  
# 3  
a 3  
I W  
a 
l- 
a 
a 
2 
3 
W 
J 
z 
z 
a 
n 
2 
W 
v) 
K 
s 
2 
3 
a 
a 
In 
W 
v) 
z 
Report G910461-21 
Analytical Study of Catalytic Reactors 
for Hydrazine Decomposition 
Quarterly Progress Report No. 6 
October 15, 1967 - January 14, 1968 
Contract NAS 7-458 
SUMMARY 
The Research Laboratories of United Aircraft Corporation under Contract 
This 
NAS 7-458 with the National Aeronautics and Space Administration are performing 
an analytical study of catalytic reactors for hydrazine decomposition. 
report summarizes work performed during the seventh quarterly contract period 
from October 15, 1967 to January 14, 1968. Work during this reporting period 
has included the debugging and running of the computer program representing the 
two-dimensional steady-state model of a distributed-feed catalyzed hydrazine 
decomposition reaction chamber. Calculations have been made of the effects on 
steady-state temperature and reactant concentration distributions of nonuniform 
radial injection and of catalyst bed configurations exhibiting both radial and 
axial nonuniformities. 
Empirical predictions have been developed of one-dimensional steady-state 
temperature and fractional ammonia dissociation profiles in hydrazine reactors 
packed with She11 405 catalyst particles. 
developed on the basis of many runs made with the steady-state computer pro- 
gram developed during the first year of effort on the present contract. 
was found that fractional ammonia dissociation and bulk fluid temperature are 
easily predicted for a broad range of operating conditions for cases in which 
most of the hydrazine decomposition occurs in the first few tenths of an inch 
of the reactor; this rapid hydrazine decomposition rate is associated with 
reactors packed with particles 25 mesh or smaller for approximately 0.2 in. 
The empirical correlations were 
It 
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INTRO DUC TI0 N 
Under Contract NAS 7-458, the Research Laboratories of United A i r c r a f t  
Corporation a r e  performing a n a l y t i c a l  s tud ie s  of t he  behavior of d i s t r ibu ted -  
feed c a t a l y t i c  reac tors  f o r  hydrazine decomposition. The s p e c i f i c  object ives  
of t h i s  program a r e  (a)  t o  develop computer programs f o r  pred ic t ing  the tem- 
perature  and concentration d i s t r ibu t ions  i n  monopropellant hydrazine c a t a l y t i c  
reac tors  i n  which hydrazine can be injected a t  a r b i t r a r y  axial and radial 
loca t ions  i n  the reac t ion  chamber and (b) t o  perform ca lcu la t ions  using these  
computer programs t o  demonstrate the  e f f ec t s  of various system parameters on 
the  performance of the  reac tor .  
Progress previously reported i n  the f i r s t  th ree  quar te r ly  repor t s  
(Refs. 1, 2 and 3) and i n  the f i r s t  annual repor t  (Ref. 4)  included the develop- 
ment of computer programs which describe the  s teady-s ta te  and t r a n s i e n t  behavior 
of a r eac to r  system i n  which complete r a d i a l  mixing i n  the free-gas (or l i q u i d )  
phase was assumed. Progress described i n  the  fou r th  and f i f t h  quar te r ly  repor t s  
(Refs. 5 and 6 )  included an  extension of the computer program descr ibing the  
s teady-s ta te  model t o  permit r a d i a l  as wel l  as axial  va r i a t ions  i n  temperature 
and concentrat ions.  The program contains a descr ip t ion  of t he  turbulen t  d i f -  
fusion of hea t  and mass i n  the  i n t e r s t i t i a l  phase along w i t h  hea t  and mass 
d i f fus ion  within the  c a t a l y s t  pa r t i c l e s  and between the  p a r t i c l e s  and the i n t e r -  
s t i t i a l  phase. During t h i s  report ing period a t t e n t i o n  has been focused on 
debugging and running the  computer program representing the two-dimensional 
s teady-s ta te  model i n  order  t o  evaluate s teady-s ta te  reac tor  behavior. I n  
addi t ion ,  the  one-dimensional s teady-state  program has been used t o  develop 
empir ical  cor re la t ions  which p red ic t  a x i a l  tenperature  acd f r a c t i c n a l  mxnonia 
d i s soc ia t ion  p ro f i l e s  i n  hydrazine reactors  packed with She l l  405 c a t a l y s t  
p a r t i c l e s .  
h 
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DISCUSSION 
Effort during the seventh quarterly reporting period of Contract NAS 7-458 
has involved (a) debugging the computer program representing the two-dimensional 
steady-state model, (b) running this program to evaluate the effects on steady- 
state temperature and reactant concentration distributions of nonuniform radial 
injection and of catalyst bed configurations exhibiting both radial and axial 
nonuniformities, and (c) using the one-dimensional program to develop empirical 
correlations to predict axial temperature and fractional ammonia dissociation 
profiles in hydrazine reactors packed with Shell 405 catalyst particles. 
effort is described in detail in succeeding sections of this report. 
This 
Two-Dimensional Steady-State Program 
A series of calculations was made using the two-dimensional steady-state 
computer program in order to examine the effectiveness of the two-dimensional 
model and to evaluate the effects on system performance of nonuniform radial 
injection and of catalyst bed configurations exhibiting both radial and axial 
nonuniformities. The calculated results illustrated in Figs. 1 through 12 
refer to a reactor 3 in. in diameter into which liquid hydrazine is injected 
at the upstream end of the reactor only. For these calculations the upstream 
chamber pressure was taken as 100 psia and  the hydrazine feed temperature was 
taken as 530 deg R. 
Axial temperature profiles at various radial locations are plotted in 
Fig. 1 for a case in which a radial nonuniformity in mass flow rate, G, is 
represented as a step function (see Fig. 1). In this case the catalyst bed 
packing was taken to consist of 25-30 mesh catalyst particles for the first 
0.2 in. and 1/8 in. x 1/8 in. cylindrical pellets for the remainder of the bed. 
This configuration is referred to in the figures as the "standard bed con- 
figuration". Turbulent diffusion of heat, which tends to reduce radial tem- 
perature gradients, is more pronounced in the downstream end of the reactor. 
Here the catalyst particle size is larger, and both eddy conductivity and eddy 
diffusivity are directly proportional to particle size. The consequences of 
radial heat conduction are complicated somewhat by the simultaneous turbulent 
diffusion of mass. Higher temperatures are associated with more hydrazine 
decomposition; thus high temperature regions may lose heat by radial conduction, 
but may gain hydrazine from adjoining low temperature regions by radial dif- 
fusion of mass. Subsequent decomposition of this hydrazine may lead to even 
higher temperatures. For the case considered here, these combined effects lead 
to the temperature distribution shown in Fig. 1. For comparison purposes, the 
axial temperature profile corresponding to a radially uniform mass flow rate 
of 3.0 lb/ft2-sec is also plotted in Fig. 1. 
rate calculated by averaging the actual mass flow rate profile over the cross- 
This is the average mass flow 
3 
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sectional area of the reactor. The mole-fraction distributions of hydrazine 
and ammonia associated with the temperature distribution shown in Fig. 1 are 
illustrated in Figs. 2 and 3 respectively. 
The results of similar calculations made for a continuously varying 
injection profile are shown in Figs. 4 through 6. 
used for these calculations is plotted in Fig. 3. As in the first set of 
calculations, the average mass flow rate is 3.0 lb/ft2-sec. 
The mass flow rate profile 
The effects on temperature and reactant concentration distributions of 
two catalyst bed configurations exhibiting both radial and axial nonuniformities 
are illustrated in Figs. 7 through 12. For both of these configurations the 
mass flow rate was taken as uniform at 3.0 lb/ft2-sec. 
ature, mole fraction of hydrazine, a n d  mole fraction of ammonia distributions 
corresponding to the bed configuration shown in Fig. 7 are plotted in Figs. 7 
through 9 respectively. Similar calculations corresponding to the bed con- 
figuration shown in Fig. 10 are plotted in Figs. 10 through 12. 
The calculated temper- 
One-Dimensional Steady-State Program 
A series of runs were made with the one-dimensional steady-state computer 
program in order to develop empirical correlations to predict axial temperature 
and fractional ammonia dissociation profiles in hydrazine reactors packed with 
Shell 405 catalyst particles. 
basis of about 65 runs representing different combinations of mass flow rates, 
pressures and catalyst bed configurations. It was found that fractional ammonia 
dissociation and bulk fluid temperature can be predicted using the equations 
Empirical correlations were developed on the 
I - Fractional Ammonia Dissociation = 
and 
Ti = 1020 + 0.075 (P/lOOO)]} + 1535 { [  
where 
= (0 .66)  ( G / Z ) O . ~ ~  (C(0.55 - 0 . 1 7 )  ( i ooo /~ )O22 ]  + 0.17) 
and z and a are expressed in ft, G in Ib/ft*-sec, P in psia, and Ti in deg R. 
4 
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These equations a r e  i l l u s tL*a ted  i n  Figs.  13 and 14 respec t ive ly  f o r  cases i n  
which most of t he  hydrazine decomposition occurs i n  the  f i rs t  few t en ths  of an 
inch of t he  r eac to r ;  t h i s  rapid hydrazine decomposition r a t e  i s  associated 
with reac tors  packed with p a r t i c l e s  25 mesh or smaller  for approximately 0.2 
i n .  
f o r  a x i a l  d i s tances  g r e a t e r  than one inch and f o r  values of pressure,  P, 
between 10  and 1000 
(0.01 and 0.1 l b / i n .  -see respec t ive ly)  and equivalent sphe r i ca l  radius ,  a, 
between 0.001 and 0.01 f t .  
p a r t i c l e s  fe r  the  f i r s t  few t en ths  of aii inch and l a r g e r  p a r t i c l e s  t he rea f t e r ,  
the  p a r t i c l e  radius ,  a, r e f e r s  t o  t h e  l a r g e r  p a r t i c l e s .  
For these  cases the  co r re l a t ions  depicted i n  F igs .  13 and 14 work wel l  
sia, mass flow ra te ,  G, between 1.44 and 14.4 lb / f t*-sec  3 
For a rpect.ny p c k e d  w i t h  smxll ( 5 25 mesh> 
In  F igs .  1-3 and 14, Rocket Research experimental data a r e  p lo t ted  along 
with the  empir ical  predict ions and the r e s u l t s  of sample cases run using the  
one-dimensional s teady-s ta te  program. Values of f r a c t i o n a l  ammonia d issoc ia-  
t i o n  obtained from the s teady-s ta te  program a r e  p lo t ted  f o r  a x i a l  loca t ions  
between 1 and 6 inches while values of bulk f l u i d  temperature obtained from 
the  program a r e  p lo t t ed  only f o r  a x i a l  loca t ions  between 3 and 6 inches.  
It should be emphasized t h a t  these empir ical  co r re l a t ions  do not  co r rec t ly  
p red ic t  the  behavior of reac tors  i n  which hydrazine decomposition is  slow, 
f o r  example reac tors  which a r e  uniformly packed with la rge  c a t a l y s t  p a r t i c l e s ,  
such as l/8 i n .  x 1/8 i n .  cy l inders .  
c a t a l y s t  bed configurat ions consis t ing of 25-30 mesh p a r t i c l e s  f o r  the  f i rs t  
0.2 i n .  and 1/8 i n .  x 1/8 i n .  cy l ind r i ca l  p e l l e t s  f o r  t he  remainder of the  bed. 
The co r re l a t ions  work qui te  well  though f o r  
5 
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LET OF SYMBOLS 
Radius of spherical particle, ft 
Total external surface of catalyst particle per unit volume of bed, ft-1 
Reactant concentration in interstitial fluid, lb/ft3 
? Reactant concentration in gas phase within the porous particle, ib/ft- 
Equals 
Specific heat of fluid in the interstitial phase, Btu/lb - deg R 
Average specific heat of fluid in the interstitial phase, Btu/lb - deg R 
Specific heat of catalyst particle, Btu/lb - deg R 
Diffusion coefficient of reactant gas in the interstitial fluid, ft*/sec 
Diffusion coefficient of reactant gas in the porous particle, ft2/sec 
Rate of feed of hydrazine from distributed injectors into the system, 
1b/f t 3-sec 
Conversion factor, (lalbf) ft/sec 
Mass flow rate, lb/ft2-sec 
Enthalpy, Btu/lb 
Heat transfer coefficient, Btu/ft*-sec-deg R 
Heat of reaction (negative f o r  exothermic reaction), Btu/lb 
Mass transfer coefficient, ft/sec 
Reaction rate constant, equals a e-', see-' 
Thermal conductivity of the porous catalyst particle, Btu/ft-sec-deg R 
Molecular weight, l b / lb  mole 
Average molecular weight, l b / l b  mole 
cp - (cp)s, lb/f t3 
2 
7 
G910461-21 
n 
P 
Q 
r 
ihet 
rhorn 
R 
t 
t *  
T 
wi 
X 
2 
a 
QP 
P 
Y 
8 
E 
x 
Order of decomposition reaction 
Chamber pressure, psia 
Activation energy, Btu/lb mole 
Radial distance, ft 
Rate of (homogeneous ) chemical reaction in the interstitial phase, 
lb/f t 3-sec 
Gas constant, equals 10.73 psia - ft3/lb mole - deg R, or,  
Radius of reactor 
Time, sec 
Actual time minus time required, under steady-state conditions, for 
liquid hydrazine to flow from the reactor inlet to the interface between 
the liquid-vapor and vapor regions, sec 
Temperature, deg R 
Weight fraction of reactant in interstitial phase 
Radial distance from the center of t h e  spherical catalyst particle, ft 
Axial distance, ft 
Preexponential factor in rate equation 
Intraparticle void fraction 
Equals 
Equals 
[- (CP)S H DP ] / [ Kp ( T P ) ~ ]  
Q / R ( T,)s 
Interparticle void fraction 
Eddy diffusivity, ft2/sec 
Eddy conductivity, Btu/ft-sec-deg R 
a 
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p Viscosi ty  of i n t e r s t i t i a l  f l u id ,  l b / f t  - sec  
pi Density of i n t e r s t i t i a l  f l u i d ,  l b / f t 3  
ps Bulk dens i ty  of c a t a l y s t  pa r t i c l e ,  l b / f t 3  
Subs c r i p  t s  
F Refers t o  feed 
I Refers t o  i n t e r s t i t i a l  phase 
J Axial dis tance index i n  t r ans i en t  model 
P Refers t o  gas within the  porous c a t a l y s t  p a r t i c l e  
S Refers t o  surface of ca t a lys t  p a r t i c l e  
Supers c r i p t  s 
J Refers t o  chemical species  
L Refers t o  l i qu id  a t  vaporization temperature 
V Refers t o  vapor a t  vaporization temperature 
9 
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